Produced by the phytopathogenic fungus Alternaria tenuis, it induces chlorosis in many plants, including lettuce, potato, cucumber, and spinach, but has little or no effect on others such as radish, tobacco, and corn (4, 5). The chlorosis results from a selective disruption of chloroplast function in that the amounts of lipids (6) and proteins (7) specific to chloroplasts are reduced and the ultrastructural alterations found are confined to the chloroplast (8) . The sharp demarcation between sensitive and insensitive species suggested that chloroplasts from sensitive species might possess a specific receptor site for tentoxin. Because preliminary studies have shown that tentoxin inhibits phosphorylating electron transport in lettuce chloroplasts (9) and chloroplast coupling factor 1 (CF1) is directly associated with photophosphorylation (10), we investigated it as a potential receptor molecule for tentoxin. This paper presents evidence that CF1 from lettuce, a tentoxin-sensitive species, has a single binding site for tentoxin and that when tentoxin occupies this site, both CF1 ATPase and phosphorylating electron transport are inactivated. In contrast, CF1 from radish, an insensitive species, has a lower affinity for tentoxin than does lettuce CF1; tentoxin does not inhibit radish ATPase and only slightly inhibits photophosphorylation.
required for 50% inhibition of photo hosphorylation. In this species CF1 ATPase was unaffected by tentoxin, and its CF1 bound tentoxin only weakly (affinity constant less than 1 X 104 M-1). Sensitivity of photophosphorylation to tentoxin was correlated with chlorosis sensitivity in six other species examined.
Plant pathogens may produce toxins that are required for pathogenesis. Although the physiological effects of these toxins have been studied extensively, little is known about their initial molecular interactions in plants and the reasons why some plants are insensitive to them. Scheffer (1) postulated that oat cultivars sensitive to the phytotoxin produced by Helminthosporium victoriae possess a toxin receptor site on their plasmalemma and that insensitive cultivars lack this site or have a site with lower affinity. Subsequently, Strobel (2) presented evidence that a specific binding site for a toxin from H. sacchari exists in sensitive but not in insensitive sugarcane cultivarn.
Evidence that supports a receptor site hypothesis has been developed during our investigations of the mode of action of tentoxin [cyclo(-L-leucyl-N-methyl-(Z)-dehydrophenylalanylglycyl-N-methyl-L-alanyl-), molecular weight, 414] (3). Produced by the phytopathogenic fungus Alternaria tenuis, it induces chlorosis in many plants, including lettuce, potato, cucumber, and spinach, but has little or no effect on others such as radish, tobacco, and corn (4, 5) . The chlorosis results from a selective disruption of chloroplast function in that the amounts of lipids (6) and proteins (7) specific to chloroplasts are reduced and the ultrastructural alterations found are confined to the chloroplast (8) . The sharp demarcation between sensitive and insensitive species suggested that chloroplasts from sensitive species might possess a specific receptor site for tentoxin. Because preliminary studies have shown that tentoxin inhibits phosphorylating electron transport in lettuce chloroplasts (9) and chloroplast coupling factor 1 (CF1) is directly associated with photophosphorylation (10) , we investigated it as a potential receptor molecule for tentoxin. This paper presents evidence that CF1 from lettuce, a tentoxin-sensitive species, has a single binding site for tentoxin and that when tentoxin occupies this site, both CF1 ATPase and phosphorylating electron transport are inactivated. In contrast, CF1 from radish, an insensitive species, has a lower affinity for tentoxin than does lettuce CF1; tentoxin does not inhibit radish ATPase and only slightly inhibits photophosphorylation.
MATERIALS AND METHODS Chloroplasts were prepared from leaves of lettuce (cv. Romaine) and spinach purchased locally and from seedlings of radish (cv. Comet) and other species grown in controlled environment chambers. One hundred grams of selected leaves were blended for 10 sec at 40 in 250 ml of a 0.4 M sucrose 0.05 M N-[tris(hydroxymethyl)methyl]glycine (Tricine) buffer, pH 8.0, (ST). The homogenate was filtered through eight layers of cheesecloth, and the chloroplasts were collected by centrifugation (1000 X g for 10 min). After washing in 40 ml of ST and an additional centrifugation, the chloroplast pellet was suspended in 10 ml of ST and adjusted to 1 mg of chlorophyll per ml (11) .
Electron transport was measured with an oxygen electrode using methods modified from those of Arntzen (9) . Chloroplasts (35 ,g of chlorophyll) in ST were added to 3 ml of stirred reaction mixture at 280 followed by the addition of tentoxin. Next, the electrode was inserted during a brief cessation of stirring. Two minutes after the addition of tentoxin, the reaction chamber was illuminated with a tungsten lamp (15 klm/m2). The course of oxygen uptake was followed during the subsequent 1 min. Basal rates were measured in the presence of 3 mM ADP; complete rates were determined in the added presence of 5 mM NaH2PO4. Only preparations having a complete rate more than twice the basal rate were used.
Coupling factor 1 was prepared from chloroplasts by the methods of Lien and Racker (12) . Lettuce CF1 was judged to be pure by gel electrophoresis (13, 14) after chromatography on DEAE-Sephadex A-50 using a linear (NH4)2SO4 gradient (Step 3 of ref. 12). Radish CF1 of comparable purity was obtained after initial concentration (Step 2 of ref. 12). Both preparations were similar with respect to electrophoretic mobility, specific activity, and activation by heat or trypsin. Their ATPase activity was abolished by reaction with 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole and restored by dithiothreitol (15) .
Tentoxin was prepared as previously reported (6) . Tritiumlabeled tentoxin was prepared as follows: L-[2,3-3H]Ala (2.5 mCi, specific activity, 31 Ci/mmol) was mixed with L-Ala (4.6 mg) and dissolved in water (85 ,l). Triethylamine (32 ,g) and t-butylazidoformate (10 ,ul in 85 Al of dioxane) were added (16). and washed with hexane. The aqueous layer was acidified using 0.33 M citric acid and the product was extracted with ether, dried, and concentrated. Boc-L- [ Mg), protein (0.4-1 mg), and, in some cases, ADP or adenyl-5'-yl imidodiphosphate, in a total volume of 4 ml were equilibrated for 1 hr. This solution was transferred to a stirred ultrafiltration cell (Amicon Model 12) equipped with a XM-50 membrane that retains solutes above 5 X 104 molecular weight. The chamber was pressurized to 1400 kg/m2 (13.7 kPa) with N2 and then connected to a buffer reservoir at the same pressure. Fractions (1.8-3.6 ml) were collected in previously weighed tubes until a total of 40 ml was collected. These tubes were weighed to determine the volume of each fraction. Tentoxin was determined as 3H by scintillation counting in Bray's solution (20) . Initial experiments established that: (a) this system was near equilibrium at the flow rate used (0.05 ml/min), (b) tentoxin was not bound by the membrane, and (c) CF1 was completely retained.
The relationship between the proportion of added tentoxin recovered and total filtrate volume was used to estimate the numbers and kinds of binding sites and their affinity constants.
The nonlinear equations of Feldman et al. (21) describing the interaction of binding sites and ligands were solved by Newton's method (22) to calculate the free equilibrium concentration of each ligand. The integral of the free concentration with respect to collected volume is the total quantity of ligand collected. This integration was achieved using a second-order Runge-Kutta method (22 the coupled electron transport rates were determined. Unlike the response obtained at disequilibrium, the resulting curve was nonlinear (Fig. 1 ). When this inhibition curve was analyzed by multiple linear regression, an affinity constant of 1.3 X 107 M-1 (280) and a binding capacity of 2.09 to 2.65 X 10-9 mol of tentoxin bound per mg of chlorophyll were obtained (Table 1) .
No bias was apparent in the residuals.
To determine if tentoxin could be easily removed, the chloroplasts used in the preceding experiment were collected by centrifugation (1000 X g for 10 min), resuspended in 10 ml of ST, and maintained at 40 for 30 min. After an additional centrifugation and suspension in 2 ml of ST, electron transport rates were determined. Washing reduced the inhibition only slightly.
In order to estimate the affinity constant for solubilized lettuce CF1, an inhibition curve for trypsin-activated ATPase activity was obtained ( Table 2 ). The affinity constant was again estimated to be 1.3 X 107 M-1 (370). A similar value was estimated for heat-activated lettuce CF1 (12) . Since under the conditions of the ATPase assay only a small fraction of the added tentoxin is bound, binding capacities cannot be precisely estimated. No inhibition of the heat-or trypsin-activated enzyme from radish was detected at tentoxin concentrations as great as 10 ,g/ml, which is 200-fold greater than that required for 50% inhibition of the lettuce enzyme.
In direct binding studies, unactivated lettuce CF1 was found to have 0.81 tentoxin-binding sites per molecule of CF1, with an affinity constant of 2 X 108 M-l (200). The binding of tentoxin was not altered by the addition of 11.5 mM ADP or 0.75 mM adenyl-5'-yl imidodiphosphate. Figure 2 illustrates the binding of tentoxin to heat-activated lettuce CF1 at 200. The estimated number of sites was 0.85/CF1 molecule and the estimated affinity constant was 3.1 X 108 M-1. The number of binding sites on radish CF1 could not be reasonably estimated; however, the affinity constant was less than 1 X 104 M-1. More reliable values are difficult to obtain because the solubility of CF1 is only 0.4 mM (19) .
DISCUSSION
Our results demonstrate that tentoxin is a species-specific inhibitor of photophosphorylation. This inhibition in lettuce results from the binding of about one molecule of tentoxin per 500 chlorophylls. Such a binding capacity is consistent with reported values of the CFI:chlorophyll ratio, which generally range from 1/500 to 1/2000 (24) , suggesting that the site of tentoxin action is associated with CF1. This conclusion is strengthened by results showing that lettuce CF1 has a single site with an affinity constant of 2 X 108 M-1 for tentoxin and that CF1 ATPase is inactivated when tentoxin is bound. Neither ADP nor adenyl-5'-yl imidodiphosphate were observed to interact with the tentoxin binding site, indicating that this site may be different from the nucleotide binding sites (19) .
The CF1 of radish bound tentoxin weakly and was not inhibited. These results demonstrate the CF1 from radish is different from that of lettuce and suggest that some inhibitors used Biochemistry: Steele et al.
-J in the study of photosynthesis may differ in their effect from species to species.
Tentoxin inhibited photophosphorylation by 50% in lettuce and other sensitive species at concentrations of 0.4-0.6 ,M; 5- to 20-fold greater concentrations were required for equal inhibition of insensitive species. Thus, a causal relationship may exist between the inhibition of photophosphorylation and chlorosis. Although the details of such a linkage have not been elucidated, Bennett (25) has shown that tentoxin inhibits light-driven, but not ATP-driven, protein and RNA synthesis in isolated chloroplasts. Assuming then that chlorosis is caused by an inhibition of phosphorylating electron transport, a low affinity of CF1 for tentoxin, as with radish, may account for insensitivity to chlorosis. However, tentoxin-transforming enzymes or permeability barriers also may prevent the toxin from reaching CF1 and mask sensitivity at the molecular level. Such mechanisms may account for the observation that corn and lettuce chloroplasts are equally sensitive to tentoxin (9) whereas intact corn plants are insensitive (5). The receptor site concept offers a general model to explain the sensitivity of plants to toxins, especially if multiple sites are allowed. However, mechanisms other than the absence or decreased affinity of a receptor should be considered in studies of insensitivity to toxins.
